INTRODUCTION
Before we manipulate an object, we look at the object and reach for it. Indeed, it has been shown that eye movements and hand movements are well coordinated in such a simple reaching task (Biguer et al. 1982; Carnahan and Marteniuk 199 1; Frens and Erkelens 1991) . Eye movements also seem important for carrying out complex manual tasks (Ballard et al. 1992; Inhoff and Wang 1992) . On the other hand, hand movements may be important in learning a sequence of eye movements (Epelboim et al. 1995) . However, all of these studies were performed in human subjects and therefore it would be difficult to investigate further the underlying neural mechanisms. A good animal model is crucial.
With the use of monkeys, we have studied the process of learning of sequential button presses . We used a new learning task called the "2 X 5 task" that allowed us to examine the process of learning repeatedly until the monkey became very skillful in performing many sequences. We noticed that the pattern of eye movements changed during the learning in that they became anticipatory rather than responsive. This change occurred only after the long-term practice and was selective for the sequences that the monkey had learned.
METHODS
We used the same Japanese monkeys (Macaca fuscata) as in the preceding paper (monkey PI and monkey BO). Surgical procedures and the task, called the 2 X 5 task (Fig. 1 A) , have been described in the preceding paper in detail . Briefly, when the home key was pressed, two of the 16 target light-emitting diodes (LEDs) turned on simultaneously (set). The animal had to press the illuminated buttons in a predetermined order that had to be found by trial and error. If the animal succeeded, another pair of LEDs, a second set, was illuminated that had to be pressed again in the correct order. A total of five sets, called a ' 'hyperset,' ' were presented in a fixed order for completion of a trial. When the animal pressed a wrong button, the trial was aborted and the animal had to start again from the home key as a new trial. A given hyperset was repeated as a block of experiments until 20 successful trials were performed.
As shown in Fig. 1 Bb, the target LEDs turned off as they were pressed in the correct order, followed by a time interval during which liquid reward was delivered and no target was illuminated. This interset interval increased gradually from the first to the fifth set (from 150 to 270 ms) . Pressing a button before its illumination was not disallowed but produced no effect (neither success nor error).
Eye movements were recorded with the use of the search coil technique (Matsumura et al. 1992; Robinson 1963 ) . We analyzed two kinds of saccades for each set: the saccade that occurred just before (pretarget saccade) and after (posttarget saccade) the target onset.
As an analysis of hand movements, we used two parameters: 1) the number of trials to reach a criterion, which was 10 successful trials , and 2) the button press latency, which was the time from the target onset to the time when the monkey pressed the first target. Data were averaged among the initial 10 successful trials.
We also performed a frame-by-frame analysis of the video images ( 60 frames/s ) of the hand movements.
RESULTS
The monkeys, regardless of the stages of learning, oriented their gaze to the target (by a saccade) first, followed by button press. However, the saccade was different depending on whether the hyperset was new or well learned. Figure  2 shows an example of the learning-dependent change of saccades during the performance of hyperset 175, set 3 by monkey PI (see also Fig. 1 ). On the first day of practice (day 1), the monkey made saccades to the first target after ( 120-180 ms) the target turned on (day 1, posttarget sac- cade); the pretarget saccades appeared to have no consistent goal. After sufficient learning, the saccades to the target occurred before ( 120-150 ms) the target onset (day 25, pretarget saccade) ; these saccades were therefore anticipatory. The postsaccade target now occurred to the second target.
To examine the learning-related changes of eye movements, we first defined anticipatory saccade as the saccade that started before the onset of target illumination and ended within the area of the first target of the next set (as shown in Fig. 1 B) , and calculated the ratio of anticipatory saccades for each block of experiments. The ratio indicates the percentage of the sets in which the anticipatory saccade occurred for the initial 10 successful trials.
The relationship between the task performance and the anticipatory saccade is shown in Fig. 3 . The number of trials to criterion ( 10 successful trials) (A) decreased rapidly over the initial few days, and more gradually approached the minimum value of 10. The button press latency (B) decreased more gradually and approached minimum values by around day 25. The ratio of anticipatory saccades ( C) increased and became stable in a similar time course as the button press latency. A similar correlation was observed in monkey BO, except that the improvements of performance and the increase of anticipatory saccades occurred more rapidly, reaching their plateau levels by day 10. Note that these changes of the task performance and eye movements occurred repeatedly each time when a new hyperset was introduced.
A video analysis revealed that the hand movement preceding the button press also became anticipatory (Fig. 1 Bc) . The hand began to move toward the next button before the stimulus onset, and was positioned near the target when it turned on. The movement time (time spent for the hand to move from the 1st button to the 2nd button for a set), on the other hand, showed no significant decrease, indicating that the speed of hand movement per se did not change by learning. These findings suggest that the shortening of button press latency was mainly due to the anticipatory process of the hand movement.
We found, however, that the anticipatory saccades were strongly dependent on the learned skill of the hand. The monkeys were required to use the same hand for a particular hyperset throughout the course of learning (e.g., right hand for hyperset No. 175, 245; left hand for No. 176, 246). After sufficient learning (nearly 1 yr of training; 200-240 times), we asked the monkeys to use the opposite hand (e.g., left hand for No. 175, 245; right hand for No. 176, 246).
The monkeys' performance of well-learned hypersets became deteriorated when the hand was changed to the opposite side, which had not been used for the hypersets (Fig.  3, A and B, Opposite) (M. K. Rand, 0. Hikosaka, K. Miyashita, and S. Miyachi, unpublished observations). We found, in addition, that the likelihood of anticipatory saccades also decreased (Fig. 3C, Opposite) . When the opposite hand was used, some saccades did move toward the correct target 1 in an anticipatory manner but were grossly hypometric; others were misdirected (Fig. 2, Opposite) . This tendency was consistent across different learned hypersets for the two monkeys.
DISCUSSION
The transition from visually guided saccades to anticipatory saccades was a long-term process spanning >20-30 days, a time course similar to the long-term learning assessed by the button press latency. It is unlikely that the likelihood of anticipatory saccades is simply related to the fact that the monkey knew the sequence, because the ratio of anticipatory saccades was calculated only for the successful trials in which the monkey was aware of what to do. Consistent with this idea was the result that the ratio of anticipatory saccades continued to rise even after the number of trials to criterion reached a plateau level (after 10 days). This might suggest that memory for "how to do," which underlies such skillful movements, is acquired more slowly than the memory for "what to do" and that anticipatory saccade is an important component of the memory for how to do.
The present results also suggest that the emergence of anticipatory saccades was not due to the general improvement of the skill for this task, because the same process was repeated each time a new hyperset was introduced although the monkey continued to make anticipatory saccades for the hypersets that had been learned extensively. It is suggested, therefore, that the anticipatory saccade is based on the memory for each sequence.
When the opposite hand was used after practice, the monkey's performance (measured by the number of trials to criterion and button press latency) became worse and at the same time anticipatory saccades became less likely to occur. Although one hand (i.e., right) was used exclusively for the practice of a particular hyperset, the opposite hand (i.e., left) was equally proficient in performing the 2 x 5 task in general because it was used for learning of other hypersets. Therefore, critical for the skilled performance was the combination of the eyes and the side of the hand that was used for the practice of a given hyperset.
The usage of the opposite hand, however, appeared to affect the monkey's performance differentially. The button press latency increased and the ratio of anticipatory saccades decreased, both markedly, so that they were close to the levels when the hypersets were experienced for the first time, whereas the number of trials to criterion increased only moderately. This might suggest that the monkey, using the opposite hand, was still able to use, albeit insufficiently, the memory for what to do, but was not able to use the memory for Days of practice FIG. 3. Learning-related changes of the number of trials to criterion (A ) , button press latency (B), and the ratio of anticipatory saccades (C) . The data were averaged across 6 hypersets for monkey PI; abscissa indicates the number of days of practice for each hyperset. Note that the hypersets were started at different stages of the monkey's experience, indicating that these changes occurred repeatedly.
In addition, the effects of the use of the opposite hand (performed on day 200-240) are shown together with the data obtained in the 2 preceding and following experimental days. Error bars: mean 5 SE.
how to do. Further physiological experiments, blockade of local brain area, or single-unit recording will answer this prediction. Relevant to our observation is the study by Epelboim et al. ( 1995) in which human subjects learned to trace several targets sequentially. Epelboim et al. found that learning, indicated by a decrease in reaction times, occurred much faster in the eye-hand condition than in the eye-only condition. Gauthier et al. ( 1988) also showed that the dynamic characteristics of the smooth pursuit improved when the subjects tracked the target with both the finger and the eye than with the eye alone.
These results, taken together with our result, might suggest that procedural memory is more likely to be generated for the combination of eye-hand movements, and perhaps with other sensory-motor events as well.
An interesting observation in this regard was given by Fisk and Goodale ( 1985) . When a human subject was required to reach for a target, it took longer for the hand to start moving when the hand was to cross the midline to the opposite side (contralateral reach) than when the hand was not to cross the midline (ipsilateral reach). Moreover, the latency of eye movements was longer with the contralateral reach than with the ipsilateral reach. The result suggests, as discussed by Fisk and Goodale, that reaching toward a visual target involves a common integration of both eye and hand movements. This might be the result of long-term learning in daily life, as our results suggest.
